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ABSTH1CT 


laser-induced  plasma  surface  damage  in  a  transparent 
dielectric  is  investigated.  The  possible  occurrence  of 
unipolar  arcing  as  a  damage  mechanism  in  non-conductors  is 
examined. 

Experiments  were  conducted  using  a  neodymium  glass  laser 
in  a  Q-svitched  mode  to  create  a  hot  plasma.  The  plasma 
damage  on  both  entrance  and  exit  surfaces  was  examined. 
The  morphology  of  damage  is  qualitatively  analyzed.  Several 
theories  are  applied  in  explanation  of  the  damage  obtained. 

The  appearance  of  micropitting  at  the  periphery  of  the 
laser  impact  area  of  the  targets  indicates  the  possible 
occurrence  of  unipolar  arcing  as  a  damage  mechanism.  Other 
damage  mechanisms  include  thermal  stress,  electron 
avalanche,  particle  deposition,  and  micropitting  from 
particle  inclusions  or  surface  imperfections. 
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I.  IHTBODDCTION 


In  recent  years,  research  into  the  development  and 
application  of  high  power  lasers  for  both  commercial  and 
military  uses  has  received  much  emphasis.  The  demands 
imposed  cn  optical  materials  used  in  these  laser  systems  has 
sparked  much  research  into  the  prevention  of  damage  to 
transparent  dielectrics  from  high  power  laser  pulses. 
Additionally,  because  of  the  expanding  interest  in  the  mili¬ 
tary  uses  of  lasers,  failure  of  glass  as  a  target  of  laser 
pulses  must  be  addressed.  Solutions  to  these  damage  prob¬ 
lems  reguire  a  complete  understanding  of  the  damage  mecha¬ 
nisms  involved. 

Damage  to  glass  from  high  power  laser  pulses  can  be 
classified  as  either  surface  damage  or  bulk  (internal) 
damage.  By  far  the  more  serious  of  these  is  surface  damage 
because  surface  damage  occurs  much  more  readily  and  at  a 
lower  laser  intensity  [Ref.  1].  Although  surface  damage  can 
occur  without  the  formation  of  a  visible  plasma  [Bef.  2], 
all  damage  investigated  here  was  caused  by  or  accompanied 
plasma  formation. 

When  a  high  power  laser  pulse  is  incident  on  a  trans¬ 
parent  dielectric,  no  visible  damage  occurs  unless  the 
energy  of  the  pulse  exceeds  a  certain  minimum  threshold 
value  kncwn  as  the  damage  threshold.  Threshold  studies  have 
teen  made  on  a  wide  variety  of  glass  targets  and  have  indi¬ 
cated  a  material  dependence  on  the  condition  of  the  surface 
of  the  glass  (i.e.,  number  of  cracks,  pores,  or  scratches)  ; 
polishing  techniques  used  in  the  production  of  the  glass 
(etching  or  chemicals  used);  and  any  heavy  metal  ions 
embedded  in  the  glass  surface  (either  as  a  strengthener  cr 
as  an  unwanted  result  of  the  manufacturing  process)  . 


Additionally,  the  pulse  length  of  the  laser,  the  transverse 
oode  of  operation  of  the  laser,  and  beam  width  of  the  pulse 
have  been  shown  to  affect  the  surface  threshold. 
[Refs.  3-6] 

Because  the  glass  targets  used  are  transparent  and  of 
finite  sire,  two  surfaces,  the  entrance  (toward  the  laser) 
and  exit  (away  from  the  laser) ,  are  affected  by  the  laser 
pulse.  Ihe  threshold  for  damage  on  the  exit  surface  is  less 
than  that  for  the  entrance  surface  creating  an  asymmetric 
damage  pattern.  This  can  be  explained  partly  by  the  theory 
of  Fresnel  reflections  [Ref.  7]. 

Many  damage  mechanisms  are  responsible  for  laser-induced 
glass  damage.  Among  these  are  stimulated  Brillouin  scat¬ 
tering,  thermal  shock  and  resultant  microplasma  production 
caused  by  material  defects  or  particle  inclusions,  electron 
avalanche  at  the  surface,  and  thermal  stress  [Ref.  8].  The 
first  of  these  is  strictly  an  internal  damage  process  and 
will  not  te  discussed. 

An  electrical  plasma  surface  interaction  process  that 
has  been  shown  to  be  the  primary  cause  of  laser  produced 
plasma  damage  to  metal  targets  is  unipolar  arcing.  Although 
demonstrated  extensively  in  conducting  surfaces,  studies  of 
unipolar  arcing  in  non-conducting  materials  have  been 
sparse.  The  theory  of  unipolar  arcing  does  not  limit  laser 
damage  to  highly  conducting  materials.  Part  of  the  research 
presented  here  is  to  determine  the  extent  of  unipolar  arcing 
in  dielectric  materials. 

This  thesis  presents  a  gualitative  description  cf  laser- 
induced  surface  damage  in  glass  and  lays  the  framework  for 
future  study  of  the  unipolar  arcing  process  in  poor  conduc¬ 
tors.  Experimental  results  of  numerous  laser  shots  on  glass 
slides  are  presented  and  analyzed. 


II.  TBEOBI 


Danage  to  glass  by  laser  pulses  has  received  much  atten¬ 
tion  in  the  scientific  and  industrial  communities. 
Investigation  of  damage  mechanisms  has  demonstrated  the 
importance  of  a  large  number  of  factors  in  determining 
surface  damage  thresholds.  Seme  of  these  variables  include 
pulse-duration  of  the  laser,  beam  diameter,  beam  focussing, 
laser  transverse  mode  of  operation,  laser  frequency,  and 
details  of  target  material  preparation.  This  list  becomes 
substantial  when  microscopic  factors  such  as  plasma  forma¬ 
tion  parameters,  heavy  ion  or  dielectric  particle  inclu¬ 
sions,  plasma  instabilities,  and  thermal  shock  are 
considered.  Many  experimenters  have  failed  to  consider  the 
importance  of  one  or  more  of  these  parameters  and,  there¬ 
fore,  it  becomes  difficult  to  compare  various  experimental 
findings  and  to  understand  their  relation  to  a  particular 
damage  theory.  This  chapter  presents  the  theories  relating 
to  a  number  of  possible  damage  mechanisms  for  surface  damage 
in  glass  without  specifying  as  to  under  what  conditions  one 
mechanism  will  dominate.  The  theories  to  be  discussed  are 
electron  avalanche  breakdown,  absorption  by  impurity  atoms, 
inclusions,  or  surface  defects,  Fresnel  reflections,  and 
unipolar  arcing. 

A.  ELEC1B0H  AVALAHCBE  BBEAKDC1N 

At  high  laser  intensity  levels,  absorption  of  photons  by 
atoms  at  the  surface  of  the  target  material  is  sufficient  to 
cause  ionization  and  plasma  formation.  But  those  atoms  not 
ionized  or  partially  ionized  may  be  excited  by  absorption  of 
enough  laser  energy  for  the  electrons  to  overcome  the  band 


gap  energy  of  the  material.  This  produces  an  increased 
conduction  band  of  electrons  vhich  can  excite  other  elec¬ 
trons  into  the  conduction  band  by  impact  ionization. 
Continuation  of  this  process  leads  to  an  exponential 
increase  in  the  number  of  conduction  electrons.  This 
process  is  called  electron  avalanche.  [Kef.  9] 

For  electron  avalanche  tc  lead  to  breakdown  of  the 
material,  the  magnitude  of  the  electric  field  must  be  suffi¬ 
ciently  high  for  the  duration  of  the  pulse.  This  leads  to 
the  concept  of  a  minimum  electric  field  and  associated  laser 
power  density  at  which  breakdown  occurs.  Additionally,  the 
lifetime  of  electrons  in  the  conduction  bani  must  be  large 
in  comparison  with  the  time  between  electro,  collisions  in 
the  avalanche  chain.  All  this  leads  to  a  dependence  on 
pulse  duration  for  threshold  level  damage  at  energy  densi¬ 
ties  cn  the  order  of  100  J/cm2  or  greater  (Figure  2. 1) .  For 
an  energy  density  of  100  J/cm2,  the  threshold  is  constant 
for  pulse  durations  cf  about  10- 7  seconds  or  less.  Long 
pulses  reguire  a  greater  energy  density  to  effect  damage. 

At  high  enough  plasma  temperatures,  electron  avalanche 
breakdown  can  occur  away  from  the  laser  impact  point  in 
areas  heated  by  the  plasma  alone.  This  usually  requires 
some  initiating  mechanism  for  breakdown  such  as  a  "hct  spot" 
created  by  a  particle  inclusion  or  surface  defect.  in  fact 
the  end  result  of  hot  plasma  inclusion  damage,  discussed  in 
the  next  section,  is  usually  an  avalanche  breakdown  of  this 
type. 

B.  ABSOBBING  IICLOSIGBS  ABO  SURFACE  DEFECTS 

The  initiation  of  electron  avalanche  damage  is  aided  by 
local  defects  or  inclusions  at  the  laser  impact  area.  The 
size  of  these  inclusions  or  defects  is  usually  much  smaller 
than  a  wavelength  [Ref.  10].  Any  larger  defects  can  usually 


be  detected  before  laser  impact  by  optical  inspection  and 
therefore  avoided. 

1  •  Particle  Inclusions 

The  mechanism  of  inclusion  damage  in  glass  is 
related  to  the  temperature  rise  of  particles  or  groups  of 
particles  near  the  surface  relative  to  the  surrounding  glass 
[Ref.  11].  Metallic  particles  exhibit  the  greatest  effect 
but  at  high  enough  temperatures,  heating  of  ceramic  or 
dielectric  particles  can  also  result  in  failure.  A  great 
many  studies  of  platinum  inclusions  in  laser  glass  have  been 
made.  The  results  of  these  can  be  extended  to  any  metal  or 
non-metal  impurity. 

As  the  laser-induced  plasma  expands  and  heats  the 
surface,  any  particle  inclusion  or  group  of  inclusions  on  or 
very  near  the  surface  will  be  heated.  Metal  inclusions  will 
heat  faster  than  the  surrounding  glass.  The  inclusion  will 
expand  according  to  its  thermal  expansivity  and  the  glass- 
particle  interface  will  be  affected  by  the  heat  capacities 
and  the  thermal  conductivities  of  both  particle  and  glass. 
Temperatures  of  the  particle  can  exceed  10*K  and  a  layer  of 
molten  glass  may  form  around  the  particle  [Ref.  6],  The 
expansion  of  the  particle  creates  a  stress  in  the  nearby 
cooler  glass  which  can  be  higher  than  the  strength  of  the 
glass.  This  produces  failure. 

Many  quantitative  descriptions  of  this  process  have 
determined  that  the  optimal  radius  of  particles  for  damaye 
to  occur  is  on  the  order  of  0.5  to  1.0  microns  [Ref.  12]. 
This  figure  is  pulse  length  dependent,  however,  as  short 
laser  pulses  can  more  easily  heat  small  inclusions  and  long 
pulses  large  inclusions  [Ref.  8  :p.  13].  Damage  can  take 
many  forms  but  usually  consists  of  a  small  pit  or  crack  in 
the  surface  which  may  have  a  spallation  or  microplasma  ring 
around  it. 


The  surface  of  a  glass  can  have  many  defects  of 
microscopic  size  depending  upon  the  care  of  manufacture, 
preparation,  and  handling.  Figure  2.2  [Bef.  10  :p.  662] 
shows  seme  representative  glass  surface  defects.  Referring 
to  Figure  2.2,  dimensions  are  r  =  0.1  m,  c  =  0.1  ^/m,  and 
a  =  1  jjl  m.  The  electric  field  at  these  defects  will  be 
enhanced  because  of  the  build-up  of  standing  waves  inside 
the  cavities.  These  electric  field  enhancements  can  be 
calculated  by  the  application  of  electrostatics.  The  effect 
of  the  electric  field  enhancements  is  to  concentrate  mere  of 
the  energy  of  the  laser  in  the  neighborhood  of  the  cracks 
and  pores  so  that  the  threshold  for  damage  by  electron 
avalanche  breakdown  may  be  increased  by  a  factor  of  two  to 
five  depending  on  the  geometry  of  the  crack  and  dielectric 
constant  of  the  material  [Bef.  10  :pp.  661-662]. 

If  absorbing  particles  are  located  near  cracks  or 
defects  in  the  material,  the  increase  in  damage  can  be 
multiplicative.  .licroplasma  production  at  these  sites  can 
occur  because  of  the  increased  damage  potential  by  evapora¬ 
tion  and  ionization  of  atoms  heated  by  the  large  energy 
concentrations. 

C.  FEESNLL  REFLECTIC1S 

Cne  source  of  asymmetry  that  is  present  in  surface 
damage  experiments  is  wave  reflection  from  the  exit  and 
entrance  surfaces  of  glass.  Figure  2.3  shows  the  electric 
field  and  wave  vectors  for  a  transverse  polarized  wave  in 
air  striking  a  thin  glass  target  at  normal  incidence.  The 
wave  will  be  partially  reflected  at  the  entrance  surface  tut 
the  reflected  wave  will  suffer  a  phase  shift  of  180°  with 
respect  to  the  incident  wave  because  the  glass  has  a  higher 
index  of  refraction  than  air.  Fresnel's  equations  give  the 
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Figure  2. 1  Electron  Avalanche  Damage  Threshold. 


Figure  2.2  Typical  Surface  Defects  in  Glass 


relation  between  the  magnitudes  of  the  incident  and 
reflected  and  the  incident  and  transmitted  oscillating  elec¬ 
tric  field  vectors  at  the  surface  of  the  glass  as: 


Tent  = 


-  n 


(2.1) 


lent  — 


I  +  n 


(2.2) 


where  Fj  ,  ER,  and  E-p  are  as  depicted  in  Figure  2.3  and  n  is 
the  index  of  refraction  of  the  glass.  rant  is  called  the 
amplitude  reflection  coefficient  and  tf*r  is  called  the 
amplitude  transmission  coefficient.  For  n  =  1.5,  an  approx¬ 
imate  value  for  glass,  Ey  =  -y-Ej  or  the  electric  field  is 
reduced  tc  four-fifths  its  incident  value  just  inside  the 
entrance  surface.  [  Bef.  7  :p.  364] 

At  the  exit  surface,  there  is  no  phase  shift  of  the 
incident  wave  so  that  the  reflected  wave  increases  the  elec¬ 
tric  field  vector  across  the  interface.  In  this  case,  equa¬ 
tions  2.1  and  2.2  become: 
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Figure  2.3  Electric  Fields  and  Rave  Vectors 
for  a  Tranverse  Polarized  Have. 


This  amounts  to  0.96  times  the  incident  wave  amplitude  for 
an  index  of  refraction  of  1.5.  The  electric  field  at  the 
exit  interface  maximizes  because  of  the  lack  of  phase  shift 
of  the  reflected  vave. 

If  the  assumption  is  made  that  the  amount  of  damage 
sustained  by  the  glass  is  proportional  to  the  amplitude  of 
the  electric  field  vectors,  the  above  discussion  leads  to 
the  conclusion  that  the  damage  at  the  exit  surface  of  the 
material  will  be  more  severe  than  at  the  entrance  surface. 
Experiments  have  confirmed  this  [Ref.  2  :p.  657]. 

Plasma  formation  on  both  entrance  and  exit  surfaces 
affects  the  reflection  and  transmission  of  the  incident  vave 
at  each  surface.  Figures  2.4  and  2.5  show  exit  and  entrance 
surfaces  respectively  when  a  plasma  is  present.  The  index 
of  refraction  of  a  lossless  plasma  is  given  by: 


where  U)  is  the  angular  freguency  of  the  incoming  pulse  and 
Up  is  the  plasma  freguency.  The  plasma  freguency  is  given 
ty: 


The  plasma  freguency  is  proportional  to  the  sguare  root  of 
the  free  electron  density  so  that  as  the  density  of  the 
plasma  changes  the  icdex  of  refraction  will  vary  between 
zero  and  one.  According  to  eguations  2.6  and  2.7  ,  r.p  is 
real  as  long  as  the  plasma  density  is  less  than  a  critical 
density,  nt.  Hhen  the  plasma  density  exceels  this  value, 
the  index  of  refraction  becomes  imaginary.  This  leads  to 
total  reflection  of  the  beam  by  the  plasma.  [Bef.  2  :p. 
658  ] 

As  the  plasma  density  increases,  a  standing  wave  is 
formed  inside  the  glass  near  the  exit  surface.  The  electric 
field  amplitude  can  increase  guite  dramatically  within  a 
quarter  wavelength  cf  the  exit  surface  inside  the  glass 
leading  to  the  potential  for  severe  damage  at  the  exit 
surface.  The  situation  is  reversed  at  the  entrance  surface 
for  when  the  plasma  density  here  increases  past  the  critical 
density,  the  incident  beam  is  reflected  away  from  the  glass. 
Thus  the  plasma  shields  the  entrance  surface  from  the  beam. 
[Bef.  2  :p.  658] 

The  above  descriptions  do  not  take  into  account  losses 
that  cccur  in  both  the  glass  and  the  plasma  which  result  in 
the  heating  of  both.  Very  effective  heating  of  the  plasma 
leads  to  thermal  shcck  and  increased  chance  for  damage  by 
electron  avalanche,  inclusion  stress,  or  unipolar  arcing. 


D.  U BIPOLAR  ABCIRG 

1 .  General 

Unipolar  arcing  has  been  shown  to  be  the  primary 
plasma- surface  interaction  process  when  a  laser- produced 
plasma  is  in  contact  with  a  conducting  surface  [Bef.  13]. 
Unipolar  arcing  is  an  electrical  process  which  leads  to 
crater  formation  when  a  sufficiently  hot  plasma  is  in 
contact  with  a  wall.  Many  micro-arcs  burn  between  the 
plasma  and  the  wall  driven  by  the  sheath  potential  with  the 
wall  acting  as  both  cathode  and  anode.  [Ref.  1%  ]  provides  a 
detailed  description  of  the  historical  development  cf  the 
theory  cf  unipolar  arcing. 

According  to  the  Robson-Thoneman  model  of  unipolar 
arcing,  for  a  unipclar  arc  to  be  sustained,  the  electron 
temperature,  T( ,  of  the  plasma  must  be  high.  The  sheath 
potential,  Vf ,  is  established  and  depends  on  the  electron 
temperature.  Once  an  arc  is  initiated,  the  plasma  potential 
then  lowers  to  the  cathode  fall  potential,  Vc  .  An  arc 
consists  of  a  strong  local  emission  of  electrons  from  the 
cathode  into  the  plasma.  The  plasma’s  guasi-neutrality  must 
be  maintained  by  a  return  electron  current  which  reaches  the 
surface  through  the  lowered  plasma  potential  and  closes  the 
current  loop.  The  return  current  to  the  the  plate  of  area  A 
is  given  by: 


where  .  nt  is  the  electron  density  and  e  is  the  electron 
charge.  The  arc  is  sustained  until  Ic  falls  below  a  minimum 
value ,  I4.  The  value  of  Ia depends  upon  the  material  of  the 
plate  [Hef.  15].  Figures  2.6  and  2.7  depict  eguilitriua 
flows  between  plasma  and  plate  for  this  simple  model. 

The  HoLson-Thcneman  model  assumes  a  constant  plasma 
density.  The  present  Schwirzke-Taylor  model  for  unipolar 
arcing  [ Bef .  15  : pp.  2-6]  takes  into  account  the  fact  that 
for  an  arc  to  develop,  the  ion  density  above  the  cathode 
spot  must  increase  tc  allow  for  an  increased  electron  flow 
to  the  plasma.  This  variation  in  plasma  density  increases 
the  plasma  pressure  above  the  cathode  spot  which  leads  to  an 
electric  field  component  in  the  radial  direction  tangential 
to  the  surface.  This  radial  field  is  given  by: 


where  j  is  the  current  density  and  O'  the  electric  conduc¬ 
tivity.  Figure  2.8  is  a  schematic  of  the  Schvirzke-laylor 
model. 

2 .  Dninolar  Arcing  in  Nor. -cor,  duct  in  i  Materials 

Plasma-surface  arcing  is  a  dynamic  process  that  must 
be  described  in  terms  of  constantly  changing  variables. 
Some  of  these  variables  are  plasma  temperature  and  density, 
laser  power  and  pulse  duration,  target  surface  material  and 
properties  such  as  electrical  conductivity,  vapor  pressure 
as  a  function  of  surface  temperature,  and  thermal 
cond  uctivity. 


Modifying  equation  2.8  for  an  r-dependent  electron 
flow  to  a  ring  area  of  27 Tr^  r  gives: 


-  =  27rrArn,(r)e  [-^ 


exp  - 


-[vp(r)-V.(r)] 


(2.  10) 


where  Vp  (r)  and  Vw  (r)  are  the  plasma  potential  and  the 
potential  of  the  wall  respectively.  The  sheath  potential  is 
then  Vs  (r)  =  Vp  (r)  -  Vw(r).  The  ion  flow  to  the  surface  is 
deteririned  by  the  number  of  ions  entering  the  sheath  and  is 
independent  of  the  sheath  potential: 


=  0.4en,(r)  -  27TrAr 


(2.11) 


The  surface  will  be  charged  with  a  net  charge  when  is ♦  and 
i-  differ.  Since  ne  (r)  =  n;  (r) ,  the  exponential  term  of 
equation  2.10  will  largely  determine  the  net  surface  charge. 
As  seen  in  Figure  2.8#  the  plasma  potential  decreases  with 
increasing  radial  distance  from  the  crater  such  that  the 
surface  charge  becomes  more  negative  away  from  the  cathode 
spot.  This  sets  up  a  surface  electric  field  with  the 
cathode  spct  more  positive  than  the  surrounding  ring  area. 
The  return  current  will  then  depend  on  the  electron  surface 
mobility  and  diffusion,  [fief.  15  :p.  8] 

For  a  material  of  high  resistivity  to  initiate  and 
sustain  an  arc,  electron  surface  mobility  must  be  high 
enough  fcr  this  return  current  to  complete  the  current  loop. 
At  the  high  plasma  temperatures  known  to  occur  on  the  craer 
of  104K  in  glass  [Bef.  7  :p.  655],  thermal  breakdown  at  the 
surface  of  the  glass  can  lead  to  liberation  of  electrons  and 
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vaporization  of  atoms  from  the  material.  This  becomes  more 
significant  at  surface  irregularities  or  heavy  ion  inclusion 
spots  (see  sections  &  and  B  above).  Actual  dielectric 
breakdown  of  the  glass  can  occur  in  localized  spots  which 
allows  a  flow  of  current  to  be  set  up.  If  conditions  like 
this  exist,  which  becomes  likely  at  high  enough  plasma 
temperatures,  an  arc  can  be  initiated  and  sustained  long 
enough  fer  a  crater  to  form.  However,  it  is  logical  to 
conclude  that  the  size  of  the  crater  thus  formed  will  be 
smaller  than  one  formed  in  conducting  materials.  Schwirzke 
[Ref.  15  sp.  12]  describes  the  results  of  experiments  to 
determine  the  effect  cf  laser  pulses  on  conducting  materials 
coated  with  a  non- conducting  coating  and  semi-conducting 
silicon.  The  results  indicate  that  unipolar  arcing  does 
occur  in  these  materials  but  that  the  sizes  of  the  craters 
are  smaller  than  in  conducting  materials.  Although  the 
degree  of  conductivity  of  the  materials  in  Schvirzke's  work 
is  still  orders  of  magnitude  greater  than  that  of  glass, 
the  instabilities  and  non- uniformities  associated  with  a 
high  energy  laser  produced  plasma  interfacing  with  a  surface 
can  be  expected  to  greatly  influence  properties  such  as 
conductivity.  The  theory  of  unipolar  arcing  needs  further 
refinement  as  investigation  of  the  effects  of  high  tempera¬ 
ture  plasmas  proceeds. 


PLASMA 


Figure  2.8  Unipolar  Arc  ftodel. 


III.  EXPBBIBBHTAL  DESIGH 


A.  ECOIIHSHT 

The  equipment  used  in  this  thesis  consists  of  a  neody¬ 
mium  glass  laser  and  target  test  chamber.  An  optical  micro¬ 
scope  and  a  scanning  electron  microscope  were  used  to 
evaluate  target  damage.  Figure  3.1  shows  the  experimental 
set-up  of  the  laser  and  target  test  chamber. 

The  laser  was  used  to  irradiate  test  samples  placed  in 
the  target  test  chamber  under  vacuum.  Samples  were  evalu¬ 
ated  for  surface  damage  by  examination  under  optical  and 
scanning  electron  microscopes.  Polaroid  photographs  taken 
of  the  laser  interaction  with  the  target  surface  were  used 
to  verify  the  existence  of  a  plasma. 

1 .  Laser  System 

A  KORAD  K- 15 00  Q-switched  neodymium  glass  laser  was 
used  to  irradiate  the  target  surfaces  and  form  the  damaging 
plasmas.  This  laser  emits  nominal  25  nanosecond  ( FWHM) 
pulses  of  wavelength  1.06  micrometers  with  a  variable  energy 
output  of  between  1  and  5  joules.  A  detailed  description  of 
the  laser  installation  is  provided  in  [Ref.  16]. 

The  incident  laser  pulse  was  highly  focussed  on  the 
target  to  an  impact  area  of  from  roughly  0.3  to  4.0  x  10-3 
cm2  giving  an  irradiance  on  target  of  from  0.75  to  16.5 
kilo jcules/cm2.  The  laser  total  output  energy  was  measured 
through  an  33S  beam  splitter  using  a  Laser  Precision  RK-3200 
Series  Pyroelectric  Energy  Meter  reading  from  an  RE  549 
detector. 
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Figure  3.1  Laser  and  Target  Test  Chanter  Arrangement 


2.  laraet  Test  Chamber 

The  target  test  chamber  is  a  polyhedron  of  unbaked 
aluminum  with  an  internal  volume  of  12.9  ±0.3  liters.  The 
vacuum  system,  using  an  oil  diffusion  pump  and  liquid 
nitrogen  cooled  baffle,  can  provide  pressures  of  the  order 
of  10“*  Torr.  The  laser  beam  was  aligned  30  degrees  from 
normal  to  the  target  surface.  The  targets  were  held  by  a 
probe  holder  inserted  in  the  chamber  through  a  vacuum  seal. 
A  lens  holder  in  front  of  the  chamber  allows  the  placement 
of  a  focussing  lens.  Two  different  focal  length  lenses  were 
used,  a  30.0  cm  and  a  19.4  cm  lens.  The  distance  from  lens 
to  target  was  varied  from  26.0  cm  to  30.0  cm.  An  observa¬ 
tion  port  on  top  of  the  chamber  allows  access  for  photog¬ 
raphy  of  the  laser  shots. 

3 •  Optical  Microscope 

A  Bausch  and  Lomb  Dynazoom  Bench  Metallograph 
optical  microscope  was  used  to  examine  the  target  surfaces 
before  and  after  damage.  The  Bausch  and  Lomb  microscope 
provides  magnifications  from  50  to  80QX.  A  photo  attachment 
assembly  to  the  microscope  allows  photographs  to  be  taken  of 
the  target  samples.  This  microscope  utilizes  direct 
lighting  cf  the  target  samples  through  the  lens  tut,  by 
using  an  outside  light  source  directed  on  the  target,  a 
greater  depth  of  field  can  be  seen.  Indirect  lighting  was 
used  by  itself  or  with  direct  lighting  to  give  a  tetter 
overall  perspective  cf  target  damage  than  direct  lighting 
alone. 

4.  Scanning  Electron  Microscope 

A  Cambridge  Stereoscan  S4-10  Scanning  Electron 
Microscope  (SEM)  was  used  to  examine  some  of  the  targets. 
In  order  for  the  targets  to  be  seen  with  the  SEM,  they  were 
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first  coated  with  a  thin  layer  of  either  aluminum  or  gold  in 
order  to  provide  a  conducting  surface  to  act  as  the  electron 
collector  in  the  SEM.  A  VEECC  VE-401  Automatic  High  Vacuum 
Evaporator  was  used  for  this  purpose.  The  SEB  provides 
magnifications  from  20  to  100,00QX.  The  advantage  of  the 
SEN  is  that  it  can  provide  higher  aagnif ications  and  greater 
depth  of  field  at  lover  magnif ications. 

5.  Targets 

The  targets  for  the  laser  shots  were  Corning  Micro 
Slides,  no.  2947,  3  z  1”  plain,  thickness  0.96  to  1.06  mm, 
manufactured  for  general  laboratory  usage.  They  were  chosen 
as  target  samples  because  of  their  availability,  cost,  and 
generally  consistent  content.  The  glass  of  these  slides  is 
an  ordinary  soda-lime  window  glass,  lower  in  iron  than 
typical  window  glasses.  The  iron  content  of  the  glass,  a 
by-product  of  manufacturing,  expressed  as  FeaOa ,  is  0.0 3%. 
The  approximate  composition  of  the  glass  is:  Silica  (Si02)  - 
723,  Soda  (NaaO)  -  15S,  Lime  (CaO)  -  951,  Magnesium  Cxide 
(MgO)  -  33,  and  Aluminum  Oxide  (Ala  03)  -  1*.  Table  I 
contains  selected  properties  of  this  particular  glass. 
Chapter  II  of  this  thesis  contains  information  on  the 
effects  of  some  of  these  properties  on  the  damage  resistance 
of  this  glass  to  laser  pulses.  [Ref.  17] 

B.  EIPEBIHEHTAL  PROCEDURE 

1.  Sample  Preparation  and  Target  Shots 

The  glass  slides  were  thoroughly  cleaned  with  soap 
and  water,  then  with  acetone  and  methyl  alcohol  before  being 
mounted  in  the  test  chamber.  One  slide  was  not  cleaned  at 
all  before  mounting  in  order  to  compare  the  degree  of  damage 
with  the  degree  of  surface  contamination.  Selected  samples 
were  then  examined  under  the  optical  microscope  using  both 


TABLE  I 

Selected  Properties  of  Target  Glass 


Type 

Color 

Thermal  Expansion 

Thermal  Stress 
Resistance 

Density 

Yeung’s  Modulus 

LogM  of  Volume 
Resistivity 
(ohm-cij 

Dielectric 

Constant 

Refractive  Index 


Soda  Lime 
Clear 

0-300°C:  93.5  L  10-*  cm/cm-°C 
16°C 

2.47  g/cm3 

7.1  X103  kg/mm2 

25°C :  12.4 

253°C:  6.4 

350°C:  5.1 

7.2  at  1  MHz,  20 °C 
1.512  (at  589.3  nm) 


Source 
£Ref  . 
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direct  and  indirect  lighting  to  test  for  cleanliness  and 
inspect  the  surface  fer  any  apparent  defects.  Once  placed 
in  the  chamber,  the  vacuum  system  was  activated  and  the 
chamber  was  pumped  down  to  a  pressure  of  10~*  Torr  or  less. 
A  Helium-Neon  laser  was  used  to  align  the  target  at  the 
correct  position  in  the  chamber.  The  correct  lens  was 
placed  in  the  lens  hclder  and  then  the  distance  from  lens  to 
target  was  measured. 

The  laser  was  fired  at  the  target  while  a  Polaroid 
snapshot  of  the  impact  was  made  to  verify  the  existence  of  a 
plasma.  Shots  without  apparent  plasmas  were  disregarded  and 
new  slides  were  inserted  as  targets.  The  old  slides  were 
discarded.  The  energies  of  the  shots  were  read  off  the 
energy  meter  and  recorded. 


Surface  Damage  Investigation 

The  damaged  samples  vere  thoroughly  examined  under 
the  optical  microscope  on  both  the  entrance  and  exit 
surfaces.  Selected  samples  were  then  coated  with  aluminum 
or  gold  in  the  evaporator  and  mounted  for  viewing  under  the 
scanning  electron  microscope.  The  samples  were  then  exam¬ 
ined  with  the  SEM. 


IT.  BESPITS 


Numerous  laser  shots  vere  made  on  1.0  mm  thick  glass 
slides  at  different  fecal  distances  and  varying  power  densi¬ 
ties.  The  main  types  of  surface  damage  observed  can  be 
classified  into  five  categories:  1)  large  exit  surface 
pitting,  2)  entrance  surface  cracking  or  crazing,  3) 
rippling  or  melting  cf  the  surface  at  the  impact  area,  4) 
ring  formation,  and  5)  micropitting  caused  by  particle 
inclusicns  or  by  imperfections  in  the  surface.  Not  all  of 
these  damage  results  occurred  in  every  case,  but  rather  the 
power  density  of  the  laser  on  the  target  affected  the  type 
and  degree  of  damage  encountered. 

Small  (on  the  order  of  1  micron)  diameter  holes  have 
also  been  observed  and  photographed  which  could  possibly  be 
unipolar  arc  craters.  These  holes  exist  to  a  varying  degree 
in  all  targets  and  have  somewhat  the  characteristic  appear¬ 
ance  of  unipolar  arc  craters.  Unipolar  arcing  is  discussed 
following  a  detailed  description  of  the  other  damage  mecha¬ 
nisms  below. 

1.  P1ASBA  SUBFACE  DABAGE 

1.  large  Exit  Surface  Pitting 

large  pits  in  the  exit  surface  of  the  1.0  mm  thick 
glass  targets  vere  observed  in  several  shots.  In  each  case, 
the  slide  was  situated  at  or  near  the  focal  point  of  the 
lens  in  the  target  test  chamber.  Figure  4.  1  shows  one  such 
pit  of  an  approximate  diameter  of  1.2  mm.  The  shot  that 
produced  this  damage  had  a  power  density  of  594.4 
gigawatts/cm2  and  energy  density  of  about  16.2 
kilo jcules/cm2,  a  value  much  much  greater  than  the  threshold 
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level  of  about  110  joules/cm^  [fief.  5  :p.  53].  The  depth  of 
the  crater  is  approximately  0.6  na  or  one- half  the  diaaeter. 
Surrounding  the  crater  appear  to  be  tracks  of  material 
ejected  froa  the  crater  radially  and  deposited  on  the  glass 
surface.  These  tracks  extend  outvards  0.8  an  froa  the  edge 
of  the  crater  fairly  symmetrically.  Although  a  plasma  vas 
present  on  the  exit  surface  and  helped  cause  damage,  the 
ring  foraation  normally  sees  for  plasaa  surface  interactions 
(see  subsection  4  below)  is  not  observed  outside  the  crater. 
This  indicates  that  the  plasaa  cloud  may  not  have  extended 
beyond  the  ria  of  the  crater.  The  observed  pattern  is  anal¬ 
ogous  to  an  explosion  where  particles  are  spewn  out  from  the 
center  in  all  directions.  Ihose  with  the  greatest  momenta 
will  he  deposited  farthest  froa  the  crater.  The  fractured 
appearance  of  the  crater  suggests  such  an  explosion  has 
taken  place  on  or  very  near  the  surface  of  the  glass. 

The  explanation  of  the  crater  formation  itself 
follows  from  Fresnel  reflection  theory.  A  large  amplitude 
standing  wave  is  created  inside  the  glass  within  a  guart.er 
wavelength  of  the  exit  surface.  This  large  amplitude  E 
field  initiates  pitting.  As  the  pit  forms,  absorption  of 
the  beaa  is  enhanced  by  the  irregular  surface  of  the  pit  and 
the  size  of  the  pit  increases  dramatically  for  the  length  of 
the  pulse  as  material  is  ejected  outvards  at  high  velocities 
from  the  surface  [fief.  15  :pp.  655-660]. 

2.  ££&*&££  &!£&££  C£ asking 

In  all  cases  in  which  large  exit  surface  pitting 
occurred,  the  entrance  surfaces  were  damaged  much  less 
severely.  Figure  4.2  is  a  photograph  of  the  entrance 
surface  of  the  sane  target  as  Figure  4. 1  .  Mo  pitting  has 
occurred  but  rather  a  cracking  or  crazing  of  the  surface  is 
apparent.  Additionally,  a  rippling  of  the  surface  has 
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occurred  in  areas  where  the  cracking  has  not.  The  surface 
rippling  is  centered  at  the  laser  impact  area  and  the  cracks 
extend  in  almost  all  directions  from  there.  The  damage 
observed  in  Figure  <1.2  is  apparently  caused  by  thermal 
stress  as  the  hot,  expanding  plasma  interacts  with  the 
target  surface.  The  entrance  surface  plasma  is  hotter  than 
the  exit  surface  plasma  [Ref.  15  :pp.  655-660]  which  may 
explain  why  cracking  was  never  observed  on  the  exit  surface 
of  targets.  The  fact  that  no  pitting  occurs  at  the  entrance 
surface  indicates  that  the  damage  on  this  surface  is  caused 
by  the  plasma,  that  is,  external  to  the  surface  and  not  by 
any  factors  internal  to  the  glass.  This  contrasts  with  the 
large  exit  surface  pitting  damage  which  indicates  an 
internal  mechanism  for  damage.  Because  glass  is  a  non¬ 
crystalline  material  with  no  regular  internal  structure,  the 
non-uniform  appearance  of  the  cracks  is  as  predicted. 

3 .  Surface  Belting 


The  deformation  of  the  glass  at  the  laser  impact 
point  of  Figure  4.2  is  a  rippling  of  the  surface  caused  by 
melting  and  upheaval  of  the  glass.  This  thermal  stress  was 
seen  to  occur  on  most  target  shots.  The  plasma  created  is 
guite  hot  initially,  on  the  order  of  10«K  or  greater 
[Ref.  15  :p.  655].  The  characteristic  time  for  plasma 
formation  is  on  the  order  of  one  nanosecond  [Ref.  18],  so 
that  as  the  plasma  grows  and  expands,  it  shields  the  surface 
from  the  remainder  cf  the  laser  pulse.  Thus  the  plasma 
absorbs  a  great  deal  of  the  laser  energy  and  the  result  is 
thermal  shock  to  the  surface.  This  effects  the  rippled 
deformation  and  the  cracking  of  the  surface. 

Figure  4.3  is  a  photograph  of  a  laser  impact  area  on 
the  entrance  surface  of  a  target  sample.  The  power  density 
of  this  laser  shot  was  59.4  Gi/cm2  at  an  energy  density  of 


1485.4  J/cm2. 


The  laser  was  focussed 


at  a  point  6.6  cm  in 
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front  of  the  target  surface  and  thus  the  beam  size  at  the 
front  surface  of  the  target  was  much  smaller  than  at  the 
exit  surface.  This  created  a  greater  damage  pattern  on  the 
front  surface  than  cn  the  back  in  contrast  to  the  normal 
damage  pattern.  No  pitting  of  either  surface  was  observed 
even  though  the  power  density  on  target  was  large.  The 
photograph  of  Figure  4.3  was  taken  utilizing  offset  back¬ 
ground  illumination  to  provide  a  greater  depth  of  field. 
Note  the  series  of  parallel  ridges,  the  longest  of  which  is 
about  75  microns  long.  The  melted  portion  of  the  target 
encompassed  a  diameter  of  av  ut  0.4  am.  The  area  at  the 
bottom  right  of  the  photograph  has  a  much  more  rippled 
appearance  due  to  the  radial  asymmetry  of  the  laser  pulse 
and  the  30°  offset  from  normal  incidence  of  the  beaa 
striking  the  target. 

4 .  Finq  Forma ticn 

Figure  4.4  is  a  lower  magnification  of  Figure  4.3 
showing  the  ring  structure  that  was  the  most  frequently 
observed  damage  pattern  in  glass  target  shots.  This  ring 
has  an  inner  diameter  of  1.2  mm  and  an  outer  diameter  of  l.fl 
mm.  The  ring  is  composed  of  particles  deposited  on  the 
glass  that  can  not  be  washed  off  with  acetone  or  methyl 
alcohol.  Bing  structures  were  observed  to  occur  in  all 
laser  shcts  of  lower  power  density  on  the  entrance  surfaces 
of  the  targets  and  sometimes  on  the  exit  surfaces.  The 
sizes  of  the  rings  varied  with  power  density,  the  larger 
rings  occurring  at  greater  power  levels.  The  ring  structure 
of  Figure  4.4  has  at  least  four  noticable  concentric  rings 
formed.  Figure  4.5  is  a  close-up  of  a  different  ring  struc¬ 
ture  consisting  of  two  outer  rings  with  at  least  one  inner 
ring.  The  structure  of  the  rings  has  an  orange  peel  appear¬ 
ance  at  higher  magnifications  clearly  showing  the  deposited 
material  on  the  surface. 
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The  size  of  the  rings  was  always  seen  to  be  larger 
than  the  size  of  the  damaging  beam  indicating  that  the  ring 
damage  was  caused  by  the  plasma  and  not  by  the  laser  pulse 
itself.  A  possible  explanation  of  the  ring  formation  is  as 
follows.  The  initial  plasma  is  formed  in  the  area  of  the 
melted  surface  at  a  temperature  of  roughly  10* K.  The  hot 
plasma  expands  over  the  surface  while  still  acquiring  more 

energy  frco  the  pulse  at  its  center.  As  the  plasma  expands 

and  contacts  the  glass  surface,  it  cools  and  the  plasma 
begins  to  cond  *e.  Ti  is  the  outer  edge  of  the  ring  struc- 

re,  ac  jrdi  to  this  explanation,  should  mark  the  limit 

plasma  surzuce  damage.  This  is  consistent  with  the 
experimental  evidence  that  indicates  no  damage  beyond  the 
cuter  ring.  It  was  once  thought  that  the  different  rings 
were  formed  by  different  components  of  the  plasma  condensing 
out  at  different  temperatures.  However,  Boling  and  Dube 
[Hef.  19],  now  believe  that  mode  beating  of  the  laser  pulse 
"drives"  the  plasma  so  that  the  plasma  temperature  follows 
the  power  peaks  on  the  pulse.  The  radius  of  a  particular 
ring  then  depends  on  the  temperature  of  the  plasma  in  its 
beginning  stage.  The  temperature  in  this  stage  is  :  turn  a 
function  of  the  laser  beam  power  absorbed  by  the  pi?,  ma. 

Another  possible  explanation  of  the  ring  formation 
follows  from  studies  of  laser-produced  plasma  clouds. 
Eadial  bouncing  of  the  plasma  was  seen  to  occur  where  the 
plasma  ccmes  to  rest  momentarily  at  the  bounce  radius,  that 

is,  at  the  turning  point,  and  then  is  accelerated  tack. 

While  stopped  momentarily,  the  plasma  deposits  some  of  its 
material  in  the  form  of  a  ring.  [Ref.  20] 

Figure  4.5  shows  spikes  of  deposited  material 
pointed  toward  the  center  of  the  laser  shot.  This  could 
possibly  be  caused  by  cooler  spots  at  the  front  of  the 

plasma.  The  inner  edge  of  the  rings  was  found  to  be  an  area 

where  micropit  ting  a£d  arcing  frequently  occurred. 


Figure  4,7  Bing. Structure  Showing  Large 
Hicropit  at  Periphery  (200X  Optical)  . 


Figure  4.9  Hicrcpit  of  Figure  4.8  (800X  Optical). 


Figures  4.6  and  4.7  show  close-ups  of  the  ring  area 
of  one  slide  where  stall  pits  have  formed.  In  Figure  4.6 
the  pit  is  in  the  middle  of  the  ring  and  in  Figure  4.7  it  is 
at  the  inner  edge  of  the  ring. 

Figure  4.8  is  a  photograph  of  the  micropit  at  the 
middle  ring  area  of  Figure  4.6  .  The  pit  is  slightly  oval 
of  length  6.0  microns,  width  4.5  microns  and  depth  about  2.0 
microns.  There  is  a  circular  ring  of  diameter  about  14 
microns  surrounding  the  pit.  Apparently  this  is  a  site  of 
microplasma  production,  where  the  plasma  has  formed  from 
material  ejected  from  the  pit  area  and  expanded  to  form  the 
ring  by  condensation  analogous  to  the  large  ring  formation 
of  Figure  4.4  .  Figure  4.9  is  a  close-up  of  the  pit  showing 
the  area  of  damage. 

Metal  particle  inclusions  in  glass  have  been  shown 
to  be  spots  of  increased  thermal  stress  due  to  heating  and 
expansion  of  the  particle  and  subsequent  breakdown  of  the 
material.  Also,  cracks  or  micropores  in  the  glass  are 
centers  of  local  increased  electric  fields  and  subsequent 
increased  damage  probabilities.  Figure  4.10  is  a  photo  of 
an  undamaged  clean  slide  illuminated  indirectly  at  total 
internal  reflection  showing  surface  scratches  and  defects 
that  exist  in  all  such  slides.  These  defects  are  areas  of 


increased  damage  probability  due  to  the  enhanced  formation 
of  standing  waves  that  increase  the  local  electric  fields. 
The  glass  used  as  targets  here  is  known  to  contain  iron 
particles  (about  0.03%  by  mole  percent)  which  could 
certainly  have  effected  the  damage  of  Figure  4.3  or  possibly 
a  small  defect  in  the  glass  at  this  point  is  responsible. 

Figure  4.11  is  another  pit  at  the  edge  of  the  ring 
structure  of  the  sample.  It  is  larger  and  more  coticably 
oval  than  the  pit  of  Figure  4.8  having  length  17.5  microns 


and  width  10.0  microns.  Several  smaller  pits  are  seen 
nearby  and  an  area  of  damage  extends  from  the  pit  avay  from 
the  laser  impact  area  (in  the  direction  of  plasma  expan¬ 
sion)  .  Figure  4.12  shows  another  micropit  formation  area 
near  the  ring  struct ore  of  a  different  target.  These  pits 
are  seen  to  occur  in  a  series  of  lines  which  lie 
perpendicular  to  the  direction  of  plasma  expansion  along  the 
plasma  front.  The  fact  that  so  many  pits  occur  in  a  small 
region  leads  to  the  conclusion  that  the  glass  in  this  area 
must  have  contained  surface  defects  that  created  "hot  spots" 
where  the  hot  plasma  came  in  contact  with  them. 
Nicroplasmas  were  formed  about  these  spots  and  the  pits  were 
created  from  the  plasma  formation  and  mini-explosion  accom¬ 
panying  the  high  field  intensities. 

B.  D JIPCLAB  ARCIIG 

Figure  4.14  is  a  scanning  electron  micrograph  of  an  area 
near  the  edge  of  the  ring  structure  of  a  target  slide.  This 
photograph  shows  many  small  holes  about  1  micron  or  smaller 
in  diameter  that  are  possibly  unipolar  arc  craters.  The 
crater  density  is  about  10®/cm*.  These  holes  have  been 
observed  in  a  great  number  of  the  target  slides  always  near 
the  inside  edge  of  the  ring  structure.  The  size  of  the 
holes  varies  considerably  with  the  largest  visible  in  the 
upper  left  corner  cf  Figure  4.14  at  a  diameter  of  1.0 
microns.  The  outline  of  the  holes  is  fuzzy  preventing  a 
more  useful  interpretation  of  the  picture.  This  fuzziness 
was  apparent  at  high  magnifications  of  the  SEN  primarily 
because  of  the  poor  conducting  gualities  of  even  the  coated 
slides.  However,  it  appears  possible  that  each  hole  may 
have  a  rim  which  is  characteristic  of  unipolar  arc  craters 
in  conductors.  The  fact  that  the  holes  are  small  agrees 
with  the  theory  addressed  in  Chapter  II  that,  in  order  for 


arcing  to  occur  in  poor  conductors,  the  radially  inward 
surface  return  current  aust  converge  to  a  saaller  cathode 
spot. 

Figure  4.15  is  a  further  magnified  view  of  a  different 
group  of  arc  holes.  The  center  hole  is  much  larger  than  the 
smaller  surrounding  holes  and  is  not  circular  hut  ovally 
shaped.  Ihe  center  hole  is  about  1.6  microns  long  and  about 
0.8  microns  wide  while  the  surrounding  holes  have  average 
diameter  of  about  0. 3  microns. 

Figure  4.13  is  an  optical  microscope  view  at  highest 
magnification  of  apparent  craters.  The  craters  are  grouped 
at  the  center  of  the  photo.  Oust  and  interference  patterns 
account  for  the  poor  quality  of  the  picture.  The  holes 
appear  to  be  of  various  sizes  that  average  about  1.0  microns 
or  less.  These  correlate  roughly  with  the  holes  of  Figure 
4.14  . 

Comparison  of  craters  found  in  laser  damaged  conducting 
materials  with  the  holes  of  Figures  4.14  through  4.13  is 
difficult  for  various  reasons.  Views  of  arc  craters  in 
conducting  materials  were  seen  at  lover  magnifications  of 
the  SIM  and  thus  were  easier  to  obtain.  The  craters  here 
were  not  visible  at  magnifications  less  than  about  600X. 
Before  specific  conclusions  can  be  made  concerning  these 
holes,  acre  research  seeds  to  be  done  in  this  area. 
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The  problem  of  laser-induced  plasma  surface  damage  in 
glass  is  a  complex  and  fascinating  one.  So  many  variables 
are  involved  in  some  way  in  the  damage  process  that,  even 
under  the  most  controlled  experimental  conditions,  it  is 
sometimes  impossible  to  limit  investigation  of  damage  to  one 
mechanism.  In  the  final  analysis,  as  is  the  case  in  sc  many 
endeavors,  it  is  the  interaction  of  particles  on  the  atomic 
level  that  must  be  examined  to  fully  understand  the  process. 

The  energy  transfer  process  induced  by  a  high  power 
laser  striking  a  glass  target  begins  by  evaporation  and 
ionization  of  particles  at  or  near  the  surface  to  form  a  hot 
plasma.  At  the  high  energy  densities  achieved  in  these 
experiments,  the  plasma  can  reach  temperatures  greater  than 
10«K  as  it  expands  and  begins  to  interact  with  the  entrance 
surface,  the  plasma  continues  to  be  heated  by  the  remainder 
of  the  laser  pulse  on  the  entrance  surface  while  shielding 
the  impact  area  of  the  target  from  the  laser  pulse  if  high 
enough  plasma  densities  are  obtained  initially.  Thermal 
stress  from  the  hot  plasaa  can  crack  and  warp  the  surface. 
This  heating  of  the  surface  by  the  plasaa  can  cause  pitting 
at  particle  inclusion  areas  where  the  stress  of  the  particle 
against  the  glass  can  be  greater  than  the  fracture  strength 
of  the  glass.  Microcracks  or  pores  can  create  pockets  of 
high  amplitude  standing  waves  which  increase  damage  prob¬ 
abilities  in  areas  reached  by  the  pulse.  The  cooling  of  the 
plasma  upon  expansion  finally  leads  to  deposit i  of  the 
plasma  particles  on  the  glass  in  ring  formations. 

On  the  exit  surface,  high  density  plasma  formation  can 
create  high  amplitude  standing  waves  at  or  just  inside  the 
surface  that  lead  in  some  cases  to  micro-explosions  that 


create  large  holes  in  the  exit  surface.  The  exit  surface  is 
also  susceptible  to  other  forms  of  damage  seen  on  the 
entrance  surface  except  possibly  for  thermal  stress  because 
of  the  energy  absorption  that  takes  place  in  the  glass  and 
the  entrance  plasma. 

Small  holes  found  in  most  targets  near  the  ring  forma¬ 
tions  indicate  the  possible  occurrence  of  unipolar  arcing  as 
a  damage  mechanism.  high  plasma  temperatures  ultimately  are 
needed  for  unipolar  arcing  to  occur.  The  return  current 
that  closes  the  current  loop  to  maintain  plasma  quasineu- 
trality  can  occur  if  the  surface  of  the  glass  has  been 
heated  enough  by  the  plasma  to  increase  its  electrical 
conductivity  sufficiently.  In  the  laser  impact  area, 
melting  and  thermal  upheaval  of  the  surface  at  these  high 
energy  densities  would  hide  any  unipolar  arcing  that  might 
have  occurred  there. 

Although  further  study  of  the  unipolar  arcing  phenomenon 
in  glass  is  needed,  it  is  not  unreasonable  to  conclude  that 
unipolar  arcing  exists  to  some  degree  and  may  be  signifi¬ 
cant.  To  what  degree  and  how  serious  a  problem  it  may  be  is 
a  matter  for  further  study.  The  other  damage  mechanisms 
investigated  are  real  and  pose  a  great  problem  to  glass 
manufacturers  and  alsc  to  future  weapons  designers  as  laser 
weapons  become  widespread.  Although  transparent,  glass 
absorbs  about  8%  of  all  radiation  that  impinges  on  it.  As 
seen  in  this  thesis,  this  figure  can  become  higher  as  plasma 
formation  increases  the  absorption  at  the  surface. 

Unipolar  arcing  in  non-conducting  materials  needs  to  be 
studied  further.  Possible  future  experiments  could  examine 
lower  energy  densities  nearer  threshold  for  arcing  damage. 
More  refined  techniques  especially  in  the  use  of  the  SEN 
with  ncn-conducting  xaterials  are  needed.  A  high  quality 
glass  polished  to  eliminate  most  surface  defects  and  manu¬ 
factured  carefully  tc  eliminate  metal  inclusions  could  be 


rgets.  carefully  controlled  experi- 
uld  aid  considerably  in  increasing 
pic. 
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